Thermal tolerance is a key determinant of species distribution. Despite much study, the genetic basis of adaptive evolution of thermal tolerance, including the relative contributions of transcriptional regulation versus protein evolution, remains unclear. Populations of the intertidal copepod Tigriopus californicus are adapted to local thermal regimes across their broad geographic range. Upon thermal stress, adults from a heat tolerant southern population, San Diego (SD), upregulate several heat shock proteins (HSPs) to higher levels than those from a less tolerant northern population, Santa Cruz (SC). Suppression of a specific HSP, HSPB1, significantly reduces T. californicus survival following acute heat stress. Sequencing of HSPB1 revealed population specific nucleotide substitutions in both promoter and coding regions of the gene. HSPB1 promoters from heat tolerant populations contain two canonical heat shock elements (HSEs), the binding sites for heat shock transcription factor (HSF), whereas less tolerant populations have mutations in these conserved motifs. Allele specific expression of HSPB1 in F1 hybrids between tolerant and less tolerant populations showed significantly biased expression favoring alleles from tolerant populations and supporting the adaptive divergence in these cis-regulatory variants. The functional impact of population-specific nonsynonymous substitutions in HSPB1 coding sequences was tested by assessing the thermal stabilization properties of SD versus SC HSPB1 protein variants. Recombinant HSPB1 from the southern SD population showed greater capacity for protecting protein structure under elevated temperature. Our results indicate that both regulatory and protein coding sequence evolution within a single gene appear to contribute to thermal tolerance phenotypes and local adaptation among conspecific populations.
Introduction
Populations of species that range across heterogeneous habitats frequently show evolutionary adaptation to their local environments. Adaptive phenotypes can stem from genetic variation in coding sequences, gene regulatory sequences, or both. The relative contributions to adaptation from structural and gene regulatory variation are the subject of considerable debate (Carroll 2005; Hoekstra and Coyne 2007; Wray 2007) . Clear evidence exists for both structural (Place and Powers 1979; Alahiotis 1982; Perutz 1983; Wirgin et al. 2011 ) and regulatory (Schulte et al. 2000; Juneja et al. 2016) variations that lead to adaptive physiological traits that correspond to organisms' local habitats.
In organisms ranging from bacteria to vertebrates, thermal stress induces the expression of Heat Shock Proteins (HSPs) that help mitigate cellular damage from misfolded proteins (Lindquist 1986; Parsell and Lindquist 1993; Feder and Hofmann 1999) . Heat shock response is among the bestestablished models for studying gene regulatory mechanisms (e.g., Drosophila HSP70 gene expression [Perisic et al. 1989; Fernandes et al. 1995] ). Differential expression of HSPs has been linked to differences in thermal tolerance within (Schoville et al. 2012; Gleason and Burton 2015) and among (Tomanek and Somero 1999) species and available evidence suggests that the evolution of thermal tolerance may be at least partially driven by changes in HSP gene expression (Sørensen et al. 2003) . The eukaryotic HSP gene regulatory system is well-studied. Heat shock response is largely transcriptionally regulated by heat shock transcription factor (HSF) (Wu 1995) . HSF is known to bind to a specific DNA sequence motif called the heat shock element (HSE) (Amin et al. 1988 ) upon thermal stress and mediate transcriptional response of HSPs (Pelham 1982 ). An HSE unit consists of three inverted tandem repeats of a five base pair motif with three conserved base pairs in the middle as "nGAAn." The 15 bp units with all consensus sequence among eukaryotic lineages is called the "perfect" or "canonical" HSE. Each 5 bp motif binds a subunit of HSF which is trimeric when active (Fernandes et al. 1994) . Though the mechanism of HSF-HSP transcription regulation has been well characterized, to date few examples (Lerman and Feder 2001; Lerman et al. 2003) exist that demonstrate a causal connection between point mutations in heat shock gene regulatory sequences and adaptation to different temperature regimes across a species range.
Although intraspecific HSP regulatory variation appears to contribute to the evolution of thermal tolerance (Sørensen et al. 2001; Fangue et al. 2006) , additional modes of adaptation, such as structural variation in the HSPs themselves, have not been widely considered. There is some evidence for correlations between small HSP genotypes and thermal environment (Frydenberg et al. 2003; Healy et al. 2010; Graham et al. 2012) . Although these correlations suggest a contribution of HSP structural variation to the evolution of thermal tolerance, meaningful comparison of the functional difference of HSP alleles, especially for the small HSP family, is lacking.
The copepod Tigriopus californicus inhabits high intertidal pools along the west coast of North America, spanning a broad latitudinal gradient from Alaska, USA (Dethier 1980) to Baja California, Mexico (Ganz and Burton 1995) . Previous studies have shown that populations along the coast exhibit different tolerances to acute thermal stress, with southern populations being significantly more tolerant of high temperatures than northern populations (Willett 2010; Kelly et al. 2013) . Populations differ in HSP gene expression following exposure to heat stress; specifically, a heat tolerant San Diego (SD) population (32 45 N 117 15W) showed a greater degree of upregulation of HSPs than a less tolerant Santa Cruz (SC) population (36 57 N 122 03W) (Schoville et al. 2012 ). Among upregulated genes following 1-h acute heat stress in T. californicus, HSPB1 (Accession number: JW506233) showed >100Â increase in transcript abundance in the SD population while only 5Â upregulation was observed in the SC population. In addition to differential expression, there is also significant non-synonymous variation in the protein coding region of HSPB1 gene, making this an attractive system to evaluate the functional consequences of both structural and regulatory variation in adaptive phenotypes.
One difficulty encountered in assessing the role of single HSP genes in adaptation is that in many organisms (including T. californicus), there are multiple families of HSP genes and even within families, each HSP gene can have multiple copies suggesting functional redundancy (de Jong et al. 1998 ). However, a few studies had shown that small HSPS can have an essential and non-redundant functional role. A study in Drosophila showed that different levels of one small HSP transcripts can lead to differences in thermal tolerance in Drosophila larvae (Lockwood et al. 2017) . HSPB1 knocked out mice did not show compensation by other HSPs both at mRNA and protein levels and HSPB1 knocked out cell-line showed less viability after heat treatment (Huang et al. 2007 ). Similarly, in T. californicus, when RNAi was used to knock down HSPB1 expression, mortality dramatically increased after heat stress (average 5-day survivorship following stress was reduced by approximately 80%), indicating there was no direct back-up capacity for its function (Barreto, Schoville et al. 2015) . These results suggest a critical role for HSPB1 and its transcriptional regulation in survivorship following heat stress exposure and possibly in driving local adaptation among T. californicus populations.
The current study examines the potential role of DNA sequence variation in both the proximal promoter and protein coding regions of the small HSP gene, HSPB1, in generating population differences in thermal tolerance in T. californicus. We hypothesize that the observed divergence in HSPB1 promoter sequences account for differences in transcript abundances across populations while coding sequence variation results in allelic differences in the thermal protectant properties of HSPB1; combined, the experimental results present a compelling case for the roles of both regulatory and structural gene evolution in molding adaptation to local thermal regimes across a species range.
Results and Discussion

HSPB1 Promotor Sequencing
Given the evidence suggesting HSF regulation of HSP genes from other model systems and taking advantage of the existing draft genome sequence for the SD T. californicus population (see https://i5k.nal.usda.gov/Tigriopus_californicus; last accessed July 17, 2018), we examined the 5 0 flanking region of HSPB1 for population differences in potential gene regulatory sequences. The gene does not have introns; therefore, only flanking promoter sequences were searched for HSEs using JASPAR (Mathelier et al. 2014) . From the SD sequence, we identified two HSEs within the promoter region 584 bp upstream of the transcription start site of HSPB1. The upstream sequence beyond this region is a repeat sequence. Both of these HSEs have the three inverted repeats of the "canonical HSE."
We then sequenced the proximal promoter region of the HSPB1 gene from a set of 11 T. californicus populations from distinct geographic regions spanning from Baja California to Vancouver Island, Canada ( fig. 1A) . By sequencing multiple individuals from a population, we identified two geographic regions with different promoter genotypes. Southern populations from Southern California and Baja California all have two "canonical HSEs" while northern populations have nucleotide substitutions within the conserved regions of both HSEs ( fig. 1B, full promoter alignment supplementary fig. S1 , Supplementary Material online). The AB population from Los Angeles County, California, appears to be a transition between the two regions, with one intact "canonical HSE" and one HSE with polymorphic site in the conserved GAA motif.
Though there are additional sequence polymorphisms in the HSPB1 promoter among populations, research in other systems suggests that the observed variation in the HSEs alone could result in different gene expression phenotypes, with promoter strength declining when nucleotide substitutions result in deviations from the canonical HSEs with conserved GAA sequences (Fernandes et al. 1994 (Fernandes et al. , 1995 Dierick et al. 2007 ). Unlike Drosophila (Lerman et al. 2003) , we found no evidence of transposon insertion in the promoter region between the transcription start sites and the HSEs in the populations sequenced.
RNA Sequencing and Allele Specific Expression
In order to determine if the observed mutations in the HSEs within the HSPB1 promoter actually result in differential transcription, we tested for differences in allele specific expression (ASE) in F1 hybrids between the SD and the SC populations. In hybrids, the two HSPB1 alleles are present in the same Multiple Modes of Adaptation in HSP Gene . doi:10.1093/molbev/msy138 MBE cellular environment including all trans-acting factors, so differences in allelic expression are isolated to the effects of different cis-regulatory elements (Tirosh et al. 2009; McManus et al. 2010) . Given its canonical HSEs, we hypothesized that expression of the SD HSPB1 allele would be favored in SD/SC F1 hybrids.
Using RNA-seq analysis, we found only low levels of HSPB1 transcripts in both parental and F1 hybrid animals under control temperature (20 C) conditions. In agreement with previous findings in parental populations SD and SC (Schoville et al. 2012) , HSPB1 was strongly upregulated after heat stress (table 1). HSPB1 expression was significantly biased in hybrids under heat stress conditions, with the SD allele elevated in both biological replicates in both reciprocal crosses (i.e., all four tests). Notably, this strong expression bias was only observed under the heat stress conditions when the HSF/HSE mediated upregulation of expression is expected to occur (table 2). The strong bias in allelic expression in F1 hybrids suggests that the causal mutation is in the cis-regulatory elements of the HSF gene regulatory network, most likely the substitutions in the conserved motif of HSEs in the promoter region. The hybrids also showed slightly biased HSPB1 expression (toward the SD allele) under control condition, which may be due to either a low level of mapping bias between two alleles (supplementary table S2, Supplementary Material online) due to higher polymorphism in SC population (Pereira et al. 2016) , or it may reflect low levels of HSF/ HSE mediated expression favoring the SD allele under the control conditions. However, any bias due to variation in mapping efficiency is relatively minor (>90% of hybrid reads under heat stress treatment mapped correctly) and could not account for the large expression bias between the alleles observed under heat stress condition.
Allele Specific Expression in Additional Interpopulation Crosses
To further confirm the functional consequences of the substitutions in the HSEs, we examined levels of ASE in HSPB1 in hybrids between different population pairs, including pairs with the same HSE structure: BR and SD each have two canonical HSEs while PES and SC have substitutions in the conserved motif of both HSEs. We predicted that only the F1 hybrid between populations with different promoter structure (e.g., BRxPES and SDxSC) would show ASE in HSPB1 after heat stress treatment; F1 hybrids between populations with similar promoters would not show allelic imbalance. To identify ASE, fragments of HSPB1 coding sequence were PCR amplified from both genomic DNA and cDNA followed by restriction digests to discriminate between the alleles. Following agarose gel electrophoresis, ASE was evaluated by comparing intensity of allele-specific fragments between F1 genomic DNA and cDNA templates ( fig. 2A-D  and table 3 ). Band intensity of digested amplicons from genomic DNA template from F1 hybrids should reflect equal proportions of template expected in HSPB1 heterozygotes; thus, comparing cDNA template band intensity to genomic No evidence for ASE was observed in F1 hybrids between SDxBR and SCxPES, confirming that no ASE occurs in hybrids between populations with the same structure of HSEs in the promoter of HSPB1 (for both heat tolerant and heat sensitive population pairs). In contrast, BRxPES showed significant ASE; under heat stress treatment, there was substantial bias toward the BR allele (containing two canonical HSEs in the promoter region) over the PES allele similar to SDxSC ( fig. 2A) . The average band intensity of BR allele in F1 cDNA was approximately three times higher than the intensity of the genomic DNA template band ( fig. 2E ). ASE results from BRxPES hybrids further reinforces the SDxSC RNA-seq evidence for functional divergence in cis-regulatory elements, with enhanced expression of HSPB1 alleles from more heat tolerant populations.
Taken together, our data suggest that divergence in ciselements of HSF-HSP gene regulatory network may underlie differential HSPB1 gene expression and ultimately contribute to differences in thermal tolerance among T. californicus populations. Biased expression of HSPB1 alleles in F1 hybrids suggests that observed single nucleotide polymorphisms (SNPs) in the cis-regulatory HSEs have significant functional consequences on regulation of gene expression. Furthermore, expression bias toward southern alleles (SD allele in F1 SDxSC hybrids and BR allele in BRxPES hybrids) suggests that alleles with canonical HSEs act as stronger promoters than northern alleles that have substitutions in the conserved HSE motifs. The geographic pattern of stronger promoters for HSPB1 in southern T. californicus populations suggests that natural selection is favoring either regulatory variation that enhances the heat shock response in the warmer portion of the species range or animals that do not express HSP excessively in cooler climate. However, we cannot conclude which genotype is the ancestral trait with our current knowledge in phylogeographic history of the species. Edmands (2001) found reduced population differentiation among populations north of San Francisco Bay which might be partly attributed to recent post-glacial recolonization. This could explain HSPB1 promoter similarity between populations from the northern range (PAC and FHL) and Central California populations (SC, PES, and PL) which covers more distance than the distance between SD and SC populations ( fig. 1) . However, the phylogeographic relationship among populations between Central California (including SC) and Southern California (including SD) remains unresolved (Edmands 2001; Peterson et al. 2013 ).
Structural Variation
Although our results strongly implicate adaptive variation in cis-regulation, amino acid sequence divergence in both HSF (trans-regulatory element) and HSPB1 itself may also contribute to differential thermal tolerance and local adaptation across populations. From existing transcriptome data (Schoville et al. 2012 ), we identified a single HSF gene in T. californicus with 529 amino acids. HSF comparison between SD and SC revealed ten amino acid substitutions between populations (supplementary fig. S3 , Supplementary Material online). Three additional populations' HSF sequences were obtained from unpublished RNA-seq data including BR, AB, and PES. The functional significance (if any) of these amino acid substitutions in HSF is unknown; however dN/dS analyses (estimated using PAML 4.7) (Yang 2007) found no significant evidence of positive selection at HSF (x, dN, dS: 0.1251, 0.0066, 0.0525) (supplementary table S3A, Supplementary Material online). Any potential contribution of population differences in HSF trans-acting regulatory elements was factored out of the ASE studies by the experimental design.
In addition to HSF amino acid sequence divergence, we examined structural variation of HSPB1 across populations of T. californicus. Small HSPs including HSPB1 are characterized by an a-crystallin domain towards the C-terminal end of the protein (de Jong et al. 1998) . There are two a-crystallin domains (pfam00011) in T. californicus HSPB1. There is substantial structural variation of HSPB1 between SD and SC populations: 17 amino acid substitutions and one indel occur within the 277 amino acids (supplementary fig. S2 , Supplementary Material online). The amino acid substitutions between SD and SC populations were found throughout the gene including inside the a-crystallin domains suggesting the potential for functional difference between two HSPB1 alleles. We aligned HSPB1 coding sequences of five populations and found a relatively elevated dN/dS (x ¼ 0.440, dN ¼ 0.0393, dS ¼ 0.0886) (supplementary table S3B, Supplementary Material online) compared with transcriptome-wide mean (x ¼ 0.120 between SD and SC populations) (Barreto et al. 2011) . We further identified polymorphisms (>1% of mapped reads) within SD and SC populations from our transcriptomes for calculating Neutrality Index (NI) (McDonald and Kreitman 1991) and Direction of Selection (DoS) (Stoletzki and Eyre-Walker 2011) to look for signal of positive selection (NI < 1, and DoS > 0). Both indices (NI ¼ 0.642 [Fisher exact test P ¼ 0.47] and DoS ¼ À0.04) do not suggest any significant evidence of positive or purifying selection in the HSPB1 gene between SD and SC populations.
However, given the high number of fixed amino acid substitutions between SD and SC HSPB1alleles, we used in vitro functional assays to directly test the potential adaptive significance of the extensive population differentiation in HSPB1 MBE coding sequence. A previous study found that thermal tolerance of E. coli was increased when expressing a truncated Tigriopus japonicus HSPB1 homolog with only one a-crystallin domain (Seo et al. 2006) . Based on this evidence and HSPB1's putative function as a member of the small heat shock protein family, we hypothesized that adaptive evolution would lead to enhanced thermal protectant properties in southern alleles where populations are more frequently exposed to high temperatures. Using an in vitro thermal protection assay (Gong et al. 2009 ), we tested the function of SD and SC variants of HSPB1 proteins expressed in E. coli. Purified HSPB1 protein (supplementary fig. S3 , Supplementary Material online) from each population was found to reduce in vitro aggregation of a test protein (porcine citrate synthase, CS) held at a high temperature. Furthermore, the SD allele consistently out-performed the SC allele in reducing the measured protein aggregation observed in each temperature treatment and in all four HSPB1 concentrations tested (fig. 3) ; although each of these tests was not replicated, we view the consistent differences across all temperatures and all HSPB1 concentrations as appropriate validation of the functional differences between the SD and SC variants, especially because the relevant in vivo concentrations are unknown. We further analyzed the functional differences between SD and SC HSPB1 alleles using an enzyme activity assay (Hristozova et al. 2016) . Adding recombinant HSPB1 protected citrate synthase from enzymatic activity loss by high temperature, F 2,44 ¼ 21.72688, P 0.0001 (table 4) . Again, the SD allele outperformed SC allele in retaining CS enzyme activity ( fig. 4) with Tukey pairwise comparison test showed a significant difference between SD and SC allele (P < 0.0001) (table 5) .
Results from both experiments confirmed our hypothesis that HSPB1 from more heat tolerant population has enhanced thermoprotectant properties.
Conclusions
In this study, we demonstrate that variation in HSPB1 expression and function among populations of T. californicus can, in part, be attributed to both cis-regulatory variation and coding sequence variation in the HSPB1 gene. ASE assays in F1 interpopulation hybrids confirmed the functional significance of SNPs in cis-regulatory elements between populations that differ in thermal tolerance phenotypes. Additionally, in vitro assays showed that HSPB1 produced by the heat tolerant SD was more potent at preventing protein aggregation and preserving enzyme activity at high temperature than HSPB1 from the less heat tolerant SC population. Both findings, in cisregulatory sequences and protein function, are consistent with geographic differences in the thermal regimes experienced by different copepod populations. Together with previous studies verifying the key role of HSPB1 in thermal response in T. californicus (Schoville et al. 2012; Barreto, Schoville et al. 2015) , the present study demonstrates that selection can act on both protein structure and regulation of expression within a single gene, and that each mode of selection may contribute to local adaptation among populations.
FIG. 3.
Effects of HSPB1 on thermal aggregation of CS. SD or SC HSPB1 at 6.25, 12.5, 25, and 50 mg/ml were incubated at 45 C with CS (10 mg/ml). Insoluble CS aggregates formed over time were detected by light scattering at OD320. The OD of no HSP control is shown with standard errors (n ¼ 4). 
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Materials and Methods
Copepod Culturing and Hybridization
Copepods were collected from high intertidal rock pools along the Pacific coast of North America ( fig. 1 and supplementary table S1, Supplementary Material online). Stock populations were maintained in 400 ml beakers filled with 250 ml of filtered (0.45 mm) seawater under constant 20 C and 12 h light: dark photoperiod. Copepods were fed ground Spirulina wafer fish food ad libitum. T. californicus F1 hybrids were produced following Barreto, Pereira et al. (2015) . For the RNA sequencing experiment, each replicate of each reciprocal cross between SD and SC consisted of F1 hybrids that came from >30 successfully mated females.
Heat Stress Experiment and RNA Sequencing Both parental populations and reciprocal F1 hybrids between SD and SC were exposed to constant 20 C as a control treatment; experimental heat stress presumed to activate HSF involved increasing temperatures by 5 C per hour up to 35 C. After 60 min at 35 C, animals were sacrificed and RNA was immediately extracted with Tri Reagent (Sigma) following the manufacturer's protocol. Each sample contained 50 adult copepods of equal sex ratio and each treatment had two biological replicates. cDNA libraries were prepared using oligo-dT priming and Illumina's Truseq standard mRNA protocol. Libraries were sequenced (100-bp single-read) on the Illumina 4000 platform. Reads were aligned to a transcriptome reference (Barreto, Pereira et al. 2015 ) that included paired orthologs from both populations. Parameters for mapping included a cutoff at 0.8 length fraction and 0.98 sequence similarity. Full analysis of ASE across the transcriptome will be presented elsewhere; here we focused only on the expression of HSPB1 alleles. Only reads that uniquely mapped to one of the two alleles were counted. We performed binomial tests with 5% FDR to identify significantly biased HSPB1 allelic expression in hybrids.
HSPB1 Promoter Sequencing and HSE Identification
To obtain genomic DNA for PCR amplification, individual copepods were put in 15 ml lysis buffer with Proteinase K (Willett and Burton 2001) then heated to 55 C for 90 min followed by 95 C for 15 min. For pooled extraction, 15-50 individuals from each population were used following DNeasy blood and tissue kit protocol (QIAGEN). We use the SD population draft genome to design primers to amplify a 361-bp product including two HSEs in the promoter region (forward primer: 5 0 -ACTAGTTGTCCGATACACAAACAAACTAT-3 0 ', reverse primer: 5 0 -GAAACAAAAGAGCCATGGTTTA-3 0 ). We sequenced the promoter region from at least ten individuals from each population. Sequences were aligned using Sequencher and Geneious. For each replicate, genomic DNA was obtained from F1 male using the same methods described above. cDNA was made from RNA extracted from F1 animals subjected to the same heat stress treatment as in the RNA sequencing experiment. Both genomic DNA and cDNA were used as template for PCR amplification of HSPB1 coding sequences. We used HSPB1 coding sequences of the four populations (unpublished data) to design PCR primers and identify population specific restriction cut sites using Webcutter 2.0 (Maarek et al. 1997) . The primers and the restriction enzymes used in the experiment are listed in supplementary table S4, Supplementary Material online. Restriction digest reactions were performed on 200 ng of PCR products following the manufacturer protocols. Each digested sample was run on gel electrophoresis up to three times to estimate the variability of the band intensity. Gel images were analyzed for band intensity using Image Lab software (Bio-Rad). We performed nested ANOVA using the package nlme (Pinheiro et al. 2017) in R 3.4.2 (R Core Team 2017) on percent band intensity of the largest digested band between genomic DNA and cDNA templates. We used the band intensity of the sample with genomic DNA template as a baseline for unbiased expression. Significant difference in band intensity in samples with cDNA template indicates biased ASE.
Expression and Purification of HSPB1
Full length SD and SC variants of HSPB1 were amplified from their respective cDNA with N-terminal 6xHis-tag, cloned into the pProEx Htb expression vector (Invitrogen) and transformed into E. coli BL21 (DE3) pLysE cells. Ten ml of an overnight culture in LB medium were added to 200 ml and grown for 2 h at 37 C. Expression of the recombinant HSPB1 was induced by the addition of isopropyl-ß-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. After an additional 2.5 h incubation at 37 C, cells were harvested by centrifugation at 3,000 Â g for 20 min at 4 C and then lysed in lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole, 8 M urea, pH 7.4) The cell lysate was centrifuged 15,000 Â g for 15 min to pellet the insoluble material and to collect the supernatant fraction of the cell lysate. The supernatant was then loaded onto a His60 Ni Superflow Resin column (Clontech). The column was washed in wash buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 40 mM imidazole, 8 M urea, pH 7.4) and then the His-tagged recombinant HSPB1 was eluted in wash buffer containing 300 mM imidazole. We did not remove His-Tag from the recombinant protein. The eluted HSPB1 fractions were then dialyzed against phosphate buffered saline (PBS) and protein concentration determined using the BCA Protein Assay Kit (Pierce).
Citrate Synthase (CS) Aggregation and Activity Assays
Thermal aggregation experiments were performed as described in (Gong et al. 2009 ). For each test, 10 mg CS from porcine heart (C3260, Sigma, 9.4 mg/ml) was incubated with either SD or SC HSPB1 in 1 ml PBS at 45 C and aggregation monitored by measuring turbidity at 320 nm in a spectrophotometer. Thermal inactivation of CS activity was done as described in (Hristozova et al. 2016) . The reaction was performed with 0.5 mg/ml CS (0.329 units/mg), 0.45 mM AcetylcoA, 0.5 mM oxaloacetate, and 0.1 mM Ellman's reagent (DTNB) in PBS and followed for 3 min at room temperature. CS activity was fitted into a linear mixed model with time and allele fixed effects and replicates (SD ¼ 5, SC ¼ 4, and no HSP ¼ 6 with 56 total observations) as a random effect using R package nlme (Pinheiro et al. 2017) . We performed Tukey's pairwise comparison among two alleles and no HSP control using R package multcomp (Hothorn et al. 2008 ).
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
